The mechanism by which bacterial endospores attaini high levels of thermal resistance is unknown and has formed the basis of speculation since their discovery. Of equal interest is the rapidity with which this same heat stability is lost when spores germinate. During the past decade these phenomena have prompted a number of investigators to initiate studies of the physiology of bacterial spores; but, because of operational difficulties, these studies have been limited principally to the genus Bacillus. The older works of Leifson (1931) , Kaplan and Williams (1941), and Wynne (1948) The present report concerns a study of the sporulation of the Clostridium species, putrefactive anaerobe (PA) 3679. The high level of heat tolerance possessed by spores of this organism is well documented as is the difficulty of preparing large quantities of its spores. If the latter obstacle could be overcome, PA 3679 would constitute a reasonable system in which to study possible mechanisms of heat resistance.
The mechanism by which bacterial endospores attaini high levels of thermal resistance is unknown and has formed the basis of speculation since their discovery. Of equal interest is the rapidity with which this same heat stability is lost when spores germinate. During the past decade these phenomena have prompted a number of investigators to initiate studies of the physiology of bacterial spores; but, because of operational difficulties, these studies have been limited principally to the genus Bacillus. The older works of Leifson (1931) , Kaplan and Williams (1941) , and Wynne (1948) together with recent reports by Brown (1956) , Collier and Halvorson (1956) , Collier and Krishna Murty (1957) , and Lund et al. (1957) constitute the major contributionsto our knowledge of the physiology of sporulation of the genus Clostridium.
The present report concerns a study of the sporulation of the Clostridium species, putrefactive anaerobe (PA) 3679 . The high level of heat tolerance possessed by spores of this organism is well documented as is the difficulty of preparing large quantities of its spores. If the latter obstacle could be overcome, PA 3679 would constitute a reasonable system in which to study possible mechanisms of heat resistance. serine for growth in a defined medium (Campbell and Frank, 1956) . Medium. In the general practice of cultivation of anaerobic sporeformers, media containing various amounts of solids and tissues are employed. They include thioglycolate broth (Baltimore Biological Laboratories), brain-heart infusion (Difco), veal infusion, peptone-liver infusion with added particles of liver, and porkpea infusion with added starch. All of these media increase the difficulty of obtaining clean spore suspensions since they contain particles of solids, tissues, or agar which are difficult to separate from spores. The basic medium used in the present work was that of Hitzman et al. (1955) Collier and Halvorson (1956) was used for the synchronization of sporogenesis. magnetic stirrer. Anaerobic conditions were initiated in stirred cultures by bubbling city gas through the medium for 30 to 60 min after inoculation.
Growth flasks which were used for inoculation were maintained at 37 C while sporulation was carried out at approximately 33 to 35 C. The initial pH of the medium was 7.2 to 7.3, and this was maintained through the period of sporulation.
Population studies. These studies were directed toward the determination of the growth rate of vegetative cells and the rate of spore formation in stirred and unstirred cultures of PA 3679. An activated inoculum was used for both the stirred and unstirred cultures. Counts were taken at two hour intervals over 24 hr of incubation and then at every 4 hr until the 50th hr. A final count was taken at the end of one week.
Total counts and spore counts were made in Pricket tubes containing TSP agar with 0.2 per cent starch and methylene blue. Samples were withdrawn from the stirred culture flask by means of a sterile syringe and dilutions were made in distilled water. One-half ml of each dilution was poured into melted TSP agar in Pricket tubes and shaken thoroughly to insure proper mixing. After the tubes had cooled and the agar solidified, 3 ml of 1 per cent sodium thioglycolate "capping agar" were poured over the TSP agar in the tube to insure an anaerobic seal. The tubes were then incubated for 48 hr at 37 C and the colonies counted.
For spore counts, samples withdrawn from the culture were heated in sterile tubes for 15 to 20 min at 90 C. This treatment was sufficient to destroy the vegetative cells. Microscopic examinations were also made to detect the onset of sporulation in the cultures.
Cleaning and harvesting of spores. Small quantities of the medium could be directly centrifuged, and the few vegetative cells and cell debris (which appear black or gray) could be mechanically separated from the white compact layer of the spores. This method was too cumbersome for harvesting spores from 6 to 12 L of culture. Besides, even though 95 to 99 per cent sporulation was obtained from the TSP medium, it was desirable to destroy the remaining vegetative cells. A 15 to 20 min aeration of the culture at the end of 44 hr incubation period was found to be an effective treatment since it resulted in the lysis of nearly all vegetative cells. The spores were harvested by centrifugation in an electrically driven Sharples super-centrifuge which was placed in a hood. This precaution was necessary to maintain the habitability of the laboratory and to prevent contamination of the laboratory with the spore-laden aerosol. The packed spores, after washing 8 to 10 times with distilled water, could be stored at 4 C without germinating.
RESULTS
Effect of various media. Of those media which are reputed to induce sporulation of anaerobes, only TSZ medium and Brewers thioglycolate medium produced as much as 30 to 50 per cent sporulation of PA 3679 after one week of incubation. As shown in table 1, TSZ medium plus 1 per cent peptone (TSP) resulted in 90 to 99 per cent sporulation while higher levels of peptone tended to depress sporulation.
In TSP or TSZ medium, various levels of glucose, lactose, and starch were tested for their effect on the sporulation of PA 3679. Of the three carbohydrates, only glucose affected sporulation. A glucose concentration of 0.2 per cent was critical because lower levels resulted in poor cell growth and higher levels inhibited sporulation.
Similarly, the phosphate and sodium chloride concentrations described for TSP medium were found to be optimal for sporulation of the test organism. An increase in trypticase concentration had no effect on the degree of sporulation while a decrease resulted in poor growth and poor sporulation. Peptone could not replace trypticase nor could the enhancement of sporulation due to peptone be obtained with yeast extract in the medium.
Sporulation in stirred and unstirred culture. Spores of PA 3679 germinate rapidly in TSP medium thus introducing a problem of harvesting the spores from still cultures without germination. This difficulty could be overcome by chilling the sporulated culture for 24 to 48 hr and harvest- ing the spores at 4 C. However, it was observed that, if the medium was stirred constantly under anaerobic conditions, the cell yields and percentage sporulation were increased and the spores produced after 72 hr could be harvested at room temperature. During one week of incubation, the total viable counts and spore counts in stirred cultures remained constant while the unstirred cultures showed a rise in total count and decrease in spore count, figure 2. The latter phenomenon undoubtedly was due to the germination of a considerable number of the spores.
Activated culture technique. By use of an activated culture procedure, it is possible to obtain complete sporulation of cultures of Clostridium roseum and Clostridium botulinum in 8 to 12 hr (Collier and Halvorson, 1956) . The application of the same procedure to cultures of PA 3679 in TSP medium resulted in the complete sporulation in 44 hr. Gassing was observed in the sporulation flask in 1 hr after the transfer of the inoculum and sporulation began at the 16th hr of incubation. It was interesting to note that the exponential growth of vegetative cells had not quite ceased at this time. Sporulation occurred exponentially in the stirred cultures and was completed after 44 hr of incubation. The total viable counts and spore counts of the stirred, (1957) .
The increased yield of spores in stirred cultures appeared to be due to a more complete utilization of the medium than could be attained in still cultures. Although gassing in the initial stages of growth brought about the circulation of nutrients throughout the medium, cells of PA 3679 in still culture sedimented soon after gas evolution stopped (4 to 6 hr). The rate of diffusion of the nutrients to the cells at the bottom of the flask may then have become growth limiting. Moreover, Lund et al. (1957) have shown that a sporogenic factor for PA 3679 is produced by vegetative growth of the organism. The cells which had settled out, being of higher unit concentration than corresponding stirred cultures, would have produced higher effective concentrations of the sporogenic factor and thus sporulated at a greater initial rate than cells in stirred cultures. The decreased time for the onset of sporulation and the high levels of spores obtained in activated cultures was probably due to (1) the initial enrichment of the final growth medium for the sporogenic factor as a result of the 10 per cent inoculum and (2) the lack of "cycling."
Aeration of the cultures was employed for the lysis of vegetative cells and to free the spores from their sporangia. The mode of action of oxygen is unknown but lysis may be the direct effect of peroxide which accumulates due to the reaction of oxygen with the cells' flavoprotein system. As a second alternative, low concentrations of peroxide might bring about the maturation of a latent bacteriophage which would also result in mass lysis.
SUMMARY
An aparticulate medium and a technique have been developed for the rapid production of spores of a putrefactive anaerobe 3679. The sporulation medium contains trypticase, 1.5 per cent; peptone, 1 per cent; glucose, 0.2 per cent; sodium chloride, 0.5 per cent; and dipotassium phosphate, 0.25 per cent. Activation of the cultures and stirring of the medium made possible high yields of spores in 44 hr. After sporulation, the cultures were aerated briefly, freeing spores from their sporangia and causing lysis of the remaining vegetative cells. The spores were harvested and washed by centrifugation and could be stored at 4 C in water or phosphate buffer without germinating.
